Hybrid ceramic particulate reinforced A356 aluminium composites were prepared via the semi-solid stir casting process followed by hot rolling. Fine micron-sized SiC powders and large micron-sized Al2O3 particles were used. The particles were coated in order to increase the ceramic incorporation and bonding with the metal. The corrosion behaviour of the composites was investigated using potentiodynamic polarization measurements. The results indicated that nickel coating and particles agglomeration of the fine SiC particles led to an increase in the corrosion current density in Tafel polarization curves. It was concluded that the composite manufacturing route employed reduced the corrosion resistance of rolled A356 alloy.
Introduction
Al-Si based alloys are used for the production of automotive engine and other vehicular transport components where light weight, high-modulus, and highstrength are required [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Although specialty high-strength aluminium alloys have been developed, the addition of alloying elements and microstructural modification, can be costly, contain toxic elements, and often result in properties, which provide only a slight increase in mechanical properties. The demand for cost-effective lightweight, high-modulus, and high-strength materials has therefore led to the development of aluminium metal matrix composites (AMMCs) [12] [13] [14] [15] [16] [17] [18] [19] .
Stir casting in the semi-solid state is the most common route for producing of AMMCs [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] in which low wettability of the reinforcing phase is challenging.
One of the methods for improving reinforcement wetting is to reduce the surface energy of the solid-liquid interface by a metallic coating of reinforcements [21, [32] [33] [34] . In 1981, Rohatgi [35] suggested using a metallic layer (copper coating) on ceramic particles for increasing their wettability by molten aluminium. Later, Rajan et al. [36] reported in more detail the role of the coating on reinforcement particles on the wettability and interface characteristics of aluminium metal matrix composites.
Corrosion resistance is an important material characteristic that should be taken into account in materials selection for industrial applications. In the case of AMMCs, it has been reported that they have lower corrosion resistance compared to the base alloys due to the destruction of predictive oxide film caused by the presence of ceramic particles [37] . Galvanic coupling between the matrix and the reinforcing phase also occurs when the reinforcing phase is not inert. It has been reported in the literature [38] [39] [40] that in contrast with most ceramic particles, some of the intermetallic phases show galvanic corrosion with the matrix. The intermetallic phases might be formed between the elements of an alloy or might be formed as a result of a reaction between the metallic coating layers such as copper and nickel with the matrix melt. In addition, it has been reported that crevice and pitting corrosion could occur at the interface of ceramic particles with the matrix [41] . The corrosion occurrence in the α-phase adjacent to intermetallic regions and also pitting corrosion in the dendrite cores were also shown to occur in AMMCs [42] . Singh et al. [41] reported that agglomeration of SiC powders caused a decrease in the corrosion resistance of AMMCs. El-Khair et al. [43] reported that Ni coating layer on the reinforcing phase caused a higher corrosion protection due to its higher electrode potential.
In this study, nickel and copper-coated hybrid ceramic particles with different particle sizes were incorporated into a semi-solid melt of A356 aluminium alloy.
The composites were then hot rolled and their corrosion properties were evaluated using potentiodynamic polarization measurements in 3.5wt.% NaCl solution to identify the factors affecting their corrosion resistance.
Material and methods
The a356 aluminium ingot was used as a matrix material. Table 1 shows the chemical composition of the ingot as obtained using an M5000 optical emission spectrometer, Focused Photonics Inc., China. SiC particles with an average particle size of 15 µm and 99.7% purity and coarse alumina particles with an average particle size of 170 µm and 99.4% purity which were supplied from Shanghai Dinghan Chemical Co., Ltd. China, were used as reinforcement. The alumina and SiC particles were coated with Cu and Ni layers using the electroless deposition (ED) method. The preparation procedure of the ED used for the production of the metallic coating on ceramic particles has been reported in previous studies [21, 33] . Tables 2 and 3 show the utilized ED parameters including the chemicals, their concentrations, pH, temperature, and stirring speed. Table 2 The composition of bath used for electroless deposition of the Ni-P coating onto the ceramic particles and coating parameters used. Table 3 The composition of bath used for electroless deposition of the copper coating onto the ceramic particles and coating parameters used. Nine samples were fabricated in this study for comparing the effects ceramic addition to the matrix, ceramic type, and hybrid ceramic particle size distribution 6 on the corrosion properties of the composites. Table 4 summarizes the characteristics of the nine samples prepared in this study as well as the weight of the ceramic powders before and after ED. The composites were produced by bottom-pouring stir casting system under argon atmosphere. For this purpose, one gram of reinforcement powder for the composite samples was encapsulated carefully in an aluminum foil packet before the stir casting process in order to fabricate a composite with 3 wt. % ceramic powders as reinforcement. The coated powders were wrapped by hand in aluminum foil with a precaution taken not to abrade the coated ceramics. These packets were pre-heated at 350 °C for 2 h in order to remove the moisture and impurities from the powders. The A356 alloy (500 g) was heated to 640 °C using a resistance furnace in order to have uniform melt condition. The melt was cooled to 600 °C corresponding to a 0.3 solid fraction. As-cast samples of 70 mm length, 15 mm width, and 6 mm thickness were then machined from solidified composites before rolling. The machined composite samples were held for 30 min at 500 °C in a preheated furnace and then were hot-rolled with four passes and with a thickness reduction of 1 mm per pass (67% reduction) and followed by one cold rolling pass at room temperature with a thickness reduction of 20%, resulting in a final sheet thickness of 1.6 mm. The rolling process was carried out with no lubrication, using a laboratory rolling mill with a loading capacity of 30 tons. The roll diameter was 350 mm and the rolling speed was set at 10 rpm. The literature reported the detailed procedures that were used for composite manufacturing via semi-solid stir casting [8, 34, 44, 45] and hot-rolling process [34] .
For potentiodynamic polarization measurements, samples were connected to an ultra-pure copper wire and embedded in an epoxy resin holder. The surfaces were then prepared by grinding up to 3000 grit using SiC papers followed by successively cleaning in ethanol and then distilled water using an ultrasonic bath The samples were observed in a scanning electron microscope (SEM, Cam Scan MV2300, equipped with EDAX analysis) before and after the corrosion testing to determine the morphology in the regions of corrosion and corrosion effects on the materials surface.
Results and discussion
Figs. 1a-i show the SEM images (obtained using the backscattered electron (BSE) detector) of the rolled samples before evaluation of the corrosion test. Fig. 1a shows the SEM image of rolled A356 alloy, in which fine fragmented silicon particles were aligned along with the rolling direction. Silicon has a very low solubility in aluminium, so it precipitates as pure silicon in a coarse flake shape, which results in inhomogeneous mechanical and chemical properties. Silicon phase is cathodic with respect to the aluminium-rich matrix that could lead to the formation of micro-galvanic couples resulting in localized corrosion. However, our previous study [34] indicated that semi-solid casting process followed by intensive rolling caused severe fragmentation and refinement of eutectic silicon phase in the matrix of α-aluminium. Arrabal et al. [46] indicated that this refinement of silicon phase reduced the potential difference between secondary phases and the matrix and increased the A356 corrosion resistance. It has been reported in the literature [21] that the quality of nickel coating layer on the large micron-sized ceramic particles is higher than that for the fine micron-sized particles. Therefore, the incorporation amount of fine Ni-coated SiC particles into the molten aluminium would not be considerable. This is confirmed in Fig. 1b that [36, 44] . Fig. 1d shows the microstructure of sample S4 with a distribution of SiC particles, in which just 1.5 wt. % SiC was used. In contrast with nickel, copper coating layer showed a tendency for covering the fine SiC particles with a suitable uniformity [33, 34] , a higher incorporation compared with Ni-coated SiC particles [21] . Fig. 1e shows that copper coating can incorporate a higher amount of fine SiC particles for the sample S5, and it can be observed that incorporation of higher SiC particles would lead to the higher agglomeration.
In contrast with the sample S3 (see Fig. 1c ), Fig. 1f shows the remaining of copper coating on an alumina particle for the sample S6. Rajan et al. [36] suggested that copper layer with an endothermic nature of reaction with molten aluminium has a higher chance of remaining on the particles, and making a suitable bonding with the matrix with the formation of Al2Cu phase. The relative atomic percents of Al and Cu elements at these areas obtained by point-EDAX analysis indicated that white-colored areas contain Al2Cu phase. It should be noted that based on our previous studies [33, 34] , observation of copper rich areas around the particles by SEM and optical microscope is depended on the thickness of the coating layer before ceramic incorporation. This remaining copper on the particles after stirring and solidification and formation of Al2Cu phase near the matrix was also observed for the sample S7 (see Fig. 1g ), in which 1.5 wt. % of copper coated alumina and SiC particles were added to the melt. A smaller amount of agglomeration of fine SiC particles was also revealed compared to sample S5 (Fig.   1e ) mainly due to a decrease in their amount from 3 to 1.5 wt. %.
Based on our previous studies [21, 33, 34] , it could be deduced that the size of ceramic particles, irrespective of their chemical composition, affects the uniformity of copper and nickel coating layers and therefore, two other samples were prepared in this study, in which various types of layers were coated on the fine and large SiC and Al2O3 particles. Figs. 1h and 1i show typical SEM microstructures of the samples S8 and S9 (Table 4) , respectively. The importance of coating type (Ni or Cu) can be clearly observed from these figures (lower magnifications used to better show this importance). In contrast with the sample S8, an ideal distribution of alumina and in particular SiC particles was revealed for the samples S9, in which copper coating was applied on the smaller particles and nickel layer covered the larger particles. Fig. 2 shows the SEM morphology of A356 alloy after polarization test. It can be seen that some shallow corroded areas were formed free of the silicon phases.
Many silicon phases, appearing white in these images, can be detected without any corrosion attack for the rolled alloy, showing that these attacks are not related to silicon. Fig. 3 shows the SEM morphology of sample S2 (reinforced with 3 wt. % Ni-coated SiC particles) after corrosion test. More deep pits were detected for this sample compared with unreinforced alloy that might be caused by the presence of Al-Ni interphase compounds and fine SiC agglomeration. As mentioned [41] , agglomeration of the reinforcing phases at higher concentration caused severe corrosion attack mainly via the air gap and spaces between the particles. These spaces can cause further transferring of electrons and ions, leading to the occurrence of more intensive corrosion. Table 4 showed that 2.8 g of nickel coating layer were present around the SiC particles, while this value was 3.3 g for Al2O3 powders. A severe corrosion attack along with the formation of cracks and considerable number of deep pits were detected for the sample S3 (see Fig. 4 ). It can be also seen that alumina particles were separated from the matrix after corrosion attack, showing that corrosion might cause the weakness of bonding. Due to the dissolution and dispersion of nickel layer in the matrix during stirring, the Al-Ni interphase compounds were dispersed in the matrix as a result of their reaction with the molten aluminium. It is reported that Al-Ni intermetallic phases have different potentials from that matrix alloy [47] , therefore a localized galvanic cell may be formed between these phases and the matrix. These phases are cathodic to the Al matrix and decrease the corrosion resistance in NaCl media.
In contrast, it is reported that the presences of SiC and Al2O3 does not lead to the galvanic corrosion in the Al-SiC and Al-Al2O3 composites at the matrix/particle interface [48] [49] [50] . Galvanic corrosion between Al2O3 phase and aluminium is unlikely, because resistivity of Al2O3 is greater than 1000 Ωcm. The Al2O3/aluminium AMMCs possesses excellent corrosion resistance due to a lack of galvanic action with the Al2O3 phase [50] . Therefore, the reason of corrosive attack for such materials is not due to the presence of this ceramic. Unsuitable interfaces between the metal and ceramic, agglomeration of ceramics, and the electrochemical interactions between the metallic coating layer and the aluminium matrix might be detrimental for corrosion resistance of such materials. [48] . Therefore, microgalvanic couples were formed in the areas containing the nickel phase, leading to the transfer of electrons, which could affect the high-energy areas around the ceramic particles by promoting corrosive attack. On the other hand, a reaction between the alumina surface layer with chlorine ions [51] destroys this protecting layer by formation of AlCl3 and oxygen, resulting in a further entrance of chlorine ions into the matrix and around the ceramic particles. EDAX analysis in Fig. 5b shows the presence of nickel rich areas around the ceramic particles (point B) and detection Cl and O elements at the interface of SiC/Al. AlCl3 will react with water to form aluminium hydroxide and HCl, leading to a reduction in pH of the water around the surface. A new alumina surface layer will be formed by the dissociation of Al(OH)3 into the Al2O3 and water. These occurrences led to the detachment of some of the ceramic particles and Al3Ni intermetallic compounds from the matrix by losing the coating bonding. In contrast with Al-Ni binary compounds, literature [52, 53] As mentioned, two other samples reinforced by ceramics with bimodal coated particles were prepared to further understand the effect of nickel and copper coating layers on the corrosion occurrence. Figs. 11 and 12 show the SEM images for the samples S8 and S9, respectively, after corrosion analysis. Deep pits as well as detachment of ceramic particles were again revealed for these samples possibly due to the presence of nickel in the matrix. However, by consideration of Figs. 3-5 with Figs. 11 and 12 , it can be found that more severe corrosion attack seems to occur for the samples S(2-4), in which just nickel coating layer was applied to the ceramics. Fig. 13 shows the variations in OCP of samples S1 to S9 in the 3.5 wt.% NaCl aqueous solution. According to this figure, it can be seen that all of the samples were completely stable after 1800 s, and also the composite samples showed to have a lower potential than Sample S1, which can be related to the presence of ceramic and intermetallic particles and occurrence of microgalvanic corrosion between them and the matrix. Tables 4 and 5, it can be seen that there is a direct relationship between the weight of incorporated nickel and corrosion current density, in which a higher nickel presence in the matrix caused an increase in the corrosion current density. However, it can be observed that sample S5, which contained fine Cu-coated SiC particles, did not follow this rule. Fig. 1e shows the considerable agglomeration of fine SiC particles for this sample. Such sites have the potential for the corrosion attack and transfer of electrons. The adherence of alumina oxide layer is not high enough in such areas. It can be seen that this sample showed poor corrosion resistance. In sample S6, in which the copper coating was used and no agglomeration of the ceramic particles occurred, almost similar corrosion behaviour to the A356 aluminium alloy was observed. It can be seen that there is a good agreement between the potential and current density of corrosion for the samples, showing that most of the samples with a higher corrosion current density have a more negative potential.
Conclusion
In this study, the potentiodynamic polarization curves were obtained from the rolled unreinforced and reinforced A356 aluminium alloy to determine the main effective factors on the corrosion resistant of the materials. From the experimental results, the followings could be drawn:
1. Various types of hybrid ceramic reinforced composites with elongated reinforcing particles were prepared with a suitable distribution after semi-solid casting followed by a hot-rolling process.
2. The copper coating layer showed a higher tendency for remaining around ceramic particles after solidification and rolling processes.
3. SEM analysis of the samples after corrosion test indicated the presence of shallow corroded areas on the matrix of A356 unreinforced alloy, while deeper corroded areas were observed around the large-sized Ni-coated Al2O3 particles.
4. SEM analysis indicated that fine SiC agglomeration caused serious corrosion attack for both the composites reinforced by Cu and Ni coated particles. In addition, it was found that by increasing the amount of Ni, a higher corrosion attack occurred in the matrix.
Based on the polarization test results, a higher amount of incorporated nickel
transmitted by the large-sized Al2O3 led to the lowest corrosion resistance among all of the samples.
6. In contrast with nickel, no significant stimulation of Al-Cu compounds on corrosion of the matrix was observed and it was found that Cu-coated Al2O3 composite had the best corrosion resistance, after that of the unreinforced alloy.
